Current influenza virus vaccines protect mostly against homologous virus strains; thus, regular immunization with updated vaccine formulations is necessary to guard against the virus' hallmark remodeling of regions that mediate neutralization. Development of a broadly protective influenza vaccine would mark a significant advance in human infectious diseases research. Antibodies with broad neutralizing activity (nAbs) against multiple influenza virus strains or subtypes have been reported to bind the stalk of the viral hemagglutinin, suggesting that a vaccine based on this region could elicit a broadly protective immune response. Here we describe a hemagglutinin subunit 2 protein (HA2)-based synthetic peptide vaccine that provides protection in mice against influenza viruses of the structurally divergent subtypes H3N2, H1N1, and H5N1. The immunogen is based on the binding site of the recently described nAb 12D1, which neutralizes H3 subtype viruses, demonstrates protective activity in vivo, and, in contrast to a majority of described nAbs, appears to bind to residues within a single α-helical portion of the HA2 protein. Our data further demonstrate that the specific design of our immunogen is integral in the induction of broadly active anti-hemagglutinin antibodies. These results provide proof of concept for an HA2-based influenza vaccine that could diminish the threat of pandemic influenza disease and generally reduce the significance of influenza viruses as human pathogens.
mice | pandemic | synthetic peptide | vaccine | HA2 V accines designed to elicit antibodies against the stalk of the hemagglutinin can protect against influenza virus infection (1, 2), and serum from animals immunized with stalk constructs can have significantly enhanced heterosubtypic binding activity over serum from infected animals (2) . Interestingly, immunization with DNA coding for the hemagglutinin has been observed to generate a predominantly stalk-specific antibody response (3) . This phenomenon was also observed in a subsequent report demonstrating that priming with hemagglutinin DNA before seasonal vaccination can boost the anti-stalk antibody titer (4) . Heterosubtypic protection provided by vaccination with stalk vaccine constructs or with DNA coding for hemagglutinin has not yet been described.
In this report, we demonstrate a synthetic peptide-based vaccine construct that elicits antibodies against the stalk of the influenza virus hemagglutinin protein. This construct has protective activity against antigenically divergent virus subtypes that currently cause seasonal and pandemic disease in humans. Additionally, the vaccine has protective activity against an avian H5N1 virus, a subtype with potential to cause pandemic influenza disease in humans. As a peptide-based construct, this vaccine would be inexpensive and uncomplicated to manufacture.
The influenza virus hemagglutinin is a polypeptide made up of the HA1 and HA2 proteins, with the stalk of the molecule comprising the N-and C-terminal portions of HA1 along with the HA2 molecule (5) . Seasonal influenza vaccines act primarily by generating neutralizing antibodies against the viral hemagglutinin; these antibodies act by preventing either of two steps involved in virus entry: binding of the virus to the host cell or fusion of the viral and host cell membranes (6) . Antibodies described to date with broad neutralizing activity against an array of virus subtypes or strains (nAbs) act by preventing the fusion step of virus entry (3, (7) (8) (9) .
Influenza hemagglutinin proteins are divided into 16 subtypes which are further divided into two major phylogenetic groups: group 1 (subtypes H1, H2, H5, H6, H8, H9, H11, H12, H13, and H16) and group 2 (subtypes H3, H4, H7, H10, H14, and H15). This division of the 16 subtypes correlates with two distinct basic structures taken by the stalk of the hemagglutinin, so that group 1 proteins have similar stalk structures, as do group 2 proteins (9). The vaccine construct described here shows activity against viruses expressing hemagglutinin proteins from both group 1 and group 2.
Results
Mouse mAb 12D1 is known to bind a continuous portion of the HA2 molecule and has broad neutralizing activity against influenza viruses of the H3 subtype. By generating constructs designed to express short regions of the HA2 molecule, we found that nAb 12D1 binds amino acids within the highly conserved long α-helix (LAH) region of the protein. The portion of the hemagglutinin that interacts with nAb 12D1 was identified originally by interpretation of binding data using multiple HA2 truncations of varying lengths. Based on the cumulative truncation data, it was determined that nAb 12D1 binds within amino acids 76-106 of HA2 (3). Subsequent work, however, revealed that a peptide representing the entire LAH (amino acids 76-130) of the H3 virus A/Hong Kong/1/ 1968 provided the necessary structural elements for maximal binding by nAb 12D1 (Fig. 1A) . This region, amino acids 76-130 of HA2, was expressed in 293T cells and could be pulled down by nAb 12D1 (Fig. 1B) . We therefore hypothesized that immunization with the amino acid 76-130 region of HA2 might elicit an antibody repertoire with functional similarity to that of nAb 12D1 and provide protection against influenza viruses of the H3 subtype or of multiple subtypes.
To enhance antigenicity of the amino acid 76-130 polypeptide (LAH), we designed a conjugate vaccine consisting of the LAH plus a C-terminal spacer domain of eight amino acids (Flag tag) followed by a cysteine residue which facilitated coupling to the carrier protein keyhole limpet hemocyanin (KLH). To extend serum half-life, the LAH peptide was acetylated at the N terminus (10) . The structural integrity of the nAb 12D1-binding region within the conjugate was confirmed by direct-binding ELISA (Fig. 1C ).
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Conflict of interest statement: Mount Sinai School of Medicine has filed a provisional patent covering some of the results described in this paper. To test the construct in vivo, mice were immunized with the LAH-KLH conjugate in a prime-boost schedule with 3 wk lapsing between immunizations. Sera were taken from mice 10 d after primary and secondary immunizations. To evaluate the ability of the conjugate to elicit the production of antibodies of relevant specificity, antisera were tested for reactivity with purified hemagglutinin protein of different subtypes. First, we noted that the LAH antiserum did react with hemagglutinin protein by both ELISA and by Western blot (Fig. 2 A-C) . Second, a marked increase in anti-hemagglutinin titer following secondary immunization demonstrated that the construct acted as a productive immunogen in mice ( Fig. 2 A and B) . Finally, we were intrigued to find that sera from immunized mice had substantial heterosubtypic binding activity. Anti-LAH sera demonstrated activity by ELISA with hemagglutinins from the 1968 pandemic H3 virus A/Hong Kong/1/1968 and the 2009 pandemic H1 virus A/California/04/09 as well as hemagglutinins of H2, H5, and H7 subtypes (Fig. 2D) . Indeed, alignment of the 76-130 amino acid region of hemagglutinins from these subtypes demonstrates a high degree of conservation in amino acid sequence and amino acid type (Fig. 2E) . Further serologic analysis demonstrated that antibody generated in LAH-KLH vaccination boosts serum IgM and IgG subtypes specific for the viral hemagglutinin. The significant boost in IgG subtypes indicates T cell-dependent antibody production and suggests an affinity matured anti-hemagglutinin response ( Fig. 2F) (11) .
Mice were challenged 2 to 3 wk following secondary immunization by intranasal administration with 4 × 10 5 pfu of X31, a mouse-adapted virus expressing the hemagglutinin and neuraminidase of the 1968 pandemic H3 influenza virus. Mice immunized with the LAH-KLH construct lost significantly less weight at all time points than did mice that received PBS with adjuvant. In addition, all immunized mice survived challenge, whereas control mice succumbed to infection by day 4 ( Fig. 3 A and B) .
Next, immunized mice were challenged with other virus subtypes that cause human influenza disease but that belong to a phylogenetic class distinct from H3 subtype viruses (6) . Mice were infected with 500 pfu [10-15 times the dose lethal to 50% of mice (MLD 50 )] of PR8 (a mouse-adapted H1 virus) or with 500 pfu of an H5 highly pathogenic avian influenza virus modified to remove the polybasic cleavage site in the viral hemagglutinin (12) . Vaccination with the LAH-KLH conjugate was protective against weight loss caused by H1 and H5 influenza disease to a highly significant degree on virtually every day during infection. Vaccinated mice infected with PR8 showed a significant delay in kinetics of weight loss, and 60% of vaccinated mice infected with the H5 avian virus survived lethal challenge to 10 d postinfection (Fig. 3 C-F ).
An effective vaccine against seasonal or pandemic influenza disease must act to prime the humoral arm of the immune system for a response capable of significantly diminishing virus replication. In the days immediately after infection, serum antibody can provide a critical role in curbing viral replication because the cellmediated and innate arms of the immune system are not yet fully engaged (13, 14) . Analysis of prechallenge sera from mice that subsequently were infected with PR8 revealed a positive correlation between hemagglutinin-specific antibody titer and increase in body weight in days following infection (Fig. 4A) . Animals productively immunized (with anti-H1 serum antibody) gained weight during days 1-3 postinfection, whereas animals without H1-specific antibody lost weight during this critical period. These data suggested that antibody induced by LAH-KLH vaccination was a requisite component in protection of mice against disease.
To investigate further the role of anti-LAH antibody in protection, we performed in vivo passive transfer experiments. Two hours before infection, recipient mice were given 200 uL of serum by i.p. administration from donor mice that had been infected with H1 or H3 virus and vaccinated with KLH alone or with the LAH-KLH vaccine. Recipient mice then were infected with a human seasonal H3 virus, A/Georgia/81, or with the H1 virus PR8. Lung titers were evaluated 2 d after infection. The transfer of LAH-KLH antiserum was found to reduce lung titers significantly in animals infected with either the human seasonal H3 virus (P = 0.0009) or the H1 virus (P = 0.0008) (Fig. 4 B and  C) . This transfer experiment suggests that the LAH construct induces neutralizing antibodies in the vaccinated mouse.
Next, we investigated whether seasonal influenza vaccination in humans induces antibody specific for the LAH region of the hemagglutinin. To explore this possibility, we evaluated binding activity in human sera taken pre-and postimmunization with the (15) . Serum samples from human patients were evaluated for a postvaccination boost in IgG antibody titer against the seasonal TIV composition as a measure of vaccine response. Minimal serum antibody specific for the LAH peptide was detected even in subjects demonstrating the highest response to seasonal vaccination (Fig. 4 D and E) . As demonstrated in Fig. 2 A-D , the breadth of reactivity seen in the LAH-KLH antiserum is greater than has been described previously in studies of hemagglutinin stalk vaccine constructs (1, 2). To probe the importance of the design of the conjugate complex in eliciting this broad response, we compared the serum activity elicited by vaccination with the LAH-KLH construct with that elicited by vaccination with the intact HA2 molecule. The ectodomain of the A/Hong Kong/1/1968 HA2 protein was recombinantly expressed, as previously described (16) . Mice were vaccinated with pure, uncoupled HA2 protein by the same methods used to vaccinate mice with LAH-KLH. Pooled antisera from 20 mice taken 10 d after secondary vaccination with either LAH-KLH or HA2 protein were evaluated for binding activity against a panel of recombinantly expressed hemagglutinins. Anti-HA2, anti-LAH, and positive control sera demonstrated approximately equivalent activity against the homologous HK/68 hemagglutinin. Although the LAH-KLH antiserum reacted with all hemagglutinin subtypes tested, the HA2 antiserum contained antibody reactive only with group 2 hemagglutinin proteins ( Fig. 5 A-H and Table 1 ). Because the LAH structure is present in the HA2 protein, the broad reactivity seen in the LAH-KLH antiserum must be a consequence of the manner in which the LAH is presented as an antigen within the conjugate complex. Elimination of immunodominant regions of the HA2 protein may cause the LAH-KLH vaccine to induce a more focused anti-LAH immune response that mediates broad reactivity between hemagglutinin subtypes. Alternately, the induction of broadly reactive antibody may be a consequence of anchoring the LAH at the C terminus to a carrier protein, thus rendering immunogenic regions of the LAH that otherwise are antigenically silent in the context of the intact HA2 protein.
Discussion
That immunization with the TIV in humans does not generate significant anti-LAH antibody is not surprising, because the stem of the intact viral hemagglutinin is known to be poorly immunogenic in the presence of the immunodominant head of the hemagglutinin molecule (17) . Importantly, however, human survivors of H5N1 virus infection do have serum antibody specific for a peptide comprising amino acids 79-134 of the HA2 protein (18) . This result suggests that the human antibody repertoire includes specificities that would be elicited or boosted by vaccination with an LAH-based vaccine. In general, however, after infection or vaccination with conventional vaccines, immune responses are made against the immunodominant portion of the hemagglutinin.
Development of a human vaccine analog of the LAH-KLH construct would be relatively straightforward. One of several carrier proteins used in human vaccines (e.g., CRM197, tetanus toxoid, diphtheria toxoid, or meningococcal outer membrane protein) might be used in place of KLH. A human LAH peptide conjugate vaccine could be administered in aluminum salts or in an oil-in-water adjuvant to enhance the anamnestic response and to reduce the amount of antigen required for productive immunization (19) . As seen in our animal studies, such a construct may act to diminish disease caused by a variety of influenza virus subtypes.
The fact that the LAH-KLH construct is based on the H3 long α-helix sequence but elicits an immune response that is broadly reactive with other hemagglutinin subtypes is intriguing. The absolute percent identity between subtypes for the amino acid 76-130 region of HA2 can be less than 50%; however, amino acids accessible to an antibody-combining site in the context of the helical structure may be more conserved. It also is possible that the significant conservation of amino acid properties at each position enables the H3 helix to act as an antigenic mimetic for helices of other subtypes. We are particularly encouraged by the activity of this construct, because the LAH region of the HA2 is highly resistant to mutations that allow escape from neutralization by the 12D1 antibody (3). Incorporation of other polypeptides mediating broad neutralization of influenza viruses into the LAH conjugate would reduce further the likelihood of inducing an immune response that would select for viral escape variants.
Because in vivo efficacy of the LAH vaccine was determined in challenge experiments using different infectious doses of a variety of influenza strains, the relative degree of protection afforded against the various subtypes cannot be determined. Additionally, it is not possible to infer from the mouse protection data presented here which strains would be more or less targeted by vaccination of humans with the LAH conjugate. We would hypothesize, however, that the LAH vaccine would be most efficacious in protecting against H3 virus subtypes and provide moderate to substantial protection against other virus subtypes. Subbarao et al. (20) have suggested that, realistically, an appropriate vaccine for pandemic influenza will act to diminish morbidity and mortality without obviating all disease symptoms caused by infection. A synthetic peptide vaccine such as the LAH-KLH virus would be straightforward and inexpensive to generate and may be ideal for reducing the burden of seasonal and pandemic influenza disease.
Materials and Methods
Viruses Western Blot. Blots were produced by methods previously described (21) . Samples were boiled for 5 min at 100°C in loading buffer containing SDS and 0.6 M DTT. Immunoprecipitated complexes, cell lysates, or purified viruses were resolved in a 4-20% Tris-HCl SDS/PAGE gel (Bio-Rad, Inc.), and samples were blotted onto a Protran nitrocellulose membrane (Whatman). GFP and fusion GFP-HA truncated peptides were detected using rabbit anti-GFP (Santa Cruz Biotechnology, Inc.) and/or mAb 12D1. Secondary antibodies were antirabbit IgG HRP (Dako) and anti-mouse Ig-HRP (GE Healthcare, Inc.).
Immunoprecipitation. The LAH region (amino acids 76-130) of the A/HK/1/68 HA2 was generated by PCR amplification of viral RNA and was subcloned into a pCAGG-GFP plasmid (22) . GFP was present at the N-terminal of the HA2 truncation. We transfected 293T cells with the GFP-LAH construct using Lipofectamine 2000 (Invitrogen, Inc.). At 24 h posttransfection, cells were lysed with radioimmunoprecipitation assay buffer, and the GFP-LAH fusion protein was immunoprecipitated overnight at 4°C with 1-5 μg of mAb 12D1 bound to protein G-Agarose (Roche, Inc.).
LAH-KLH Vaccine. The polypeptide sequence is Ac-RIQDLEKYVEDTKIDLWSY-NAELLVALENQHTIDLTDSEMNKLFEKTRRQLRENADYKDDDDKC. The construct is acetylated at the N terminus and consists of amino acids 76-130 of the H3 A/Hong Kong/1/1968 HA2 molecule followed by a Flag-tag (DYKDDDDK), followed by a cysteine. The polypeptide is coupled to the carrier protein KLH by thiol to primary amine coupling. This conjugate was produced by CHI Scientific, Inc.
ELISAs. Ninety-six-well plates (Immulon 2; Nunc) were coated with 2 μg/mL LAH-KLH conjugate (Fig. 1B) , purified hemagglutinin ( Fig. 2 A and C) , or influenza virus vaccine [FLUVIRON (R), obtained from BEI Resources] purified surface antigen (Novartis Vaccines) in PBS overnight at 4°C. Plates were blocked for 30 min at room temperature with 1% BSA/PBS and were washed twice with PBS/0.025% Tween. Antibodies, antiserum, or serum from individuals vaccinated with the 2008-2009 TIV were serially diluted in 1% BSA/ PBS and added to the plate followed by 3-h incubation at 37°C. An anti-Flag antibody (Sigma) was used as a positive control in wells coated with the LAH-KLH conjugate. Plates were washed three times, and anti-mouse alkaline phosphatase (AP) (Southern Biotech) diluted 1:2,000 was added to wells followed by 3-h incubation at 37°C. For human sera, anti-human IgG (Fc spscific)-AP (Sigma) antibody was used at 1:500 dilution. Anti-rabbit Ig-AP (Southern Biotech) at 1:500 dilution was used as the secondary for the antiFlag antibody. P-nitrophenyl phosphate substrate then was added to the wells and allowed to develop for 20-30 min at room temperature. Optical density measurements were taken at 405 nm.
Mouse Immunizations and Challenge Experiments. All animal procedures were performed in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines and have been approved bythe IACUC of Mount Sinai School of Medicine. BALB/C mice (6-to 8-wk-old) (Jackson Laboratories) were immunized with 25 μg LAH-KLH, HA2, KLH alone, or PBS in Complete Freund's adjuvant (Sigma) by s.c. administration. Three weeks after primary immunization, mice were boosted with 25 μg of the same immunogen or with PBS in Incomplete Freund's adjuvant. Two to three weeks after the boost, mice were challenged with virus. Before virus infection, mice were anesthetized by i.p. administration of a mixture of ketamine (75 mg/kg body weight)/xylazine (15 mg/kg body weight). Virus was administered intranasally in 50 μL total PBS; challenge doses consisted of 4 × 10 5 pfu X31 or 500 pfu PR8 or HAlo virus. Body weights were monitored daily. For passive transfer experiments, mice were bled 2 wk after the last immunization with KLH or LAH-KLH or 3 wk after infection with PR8 virus or A/Hong Kong/1/1968 virus. Sera from mice were pooled according to vaccination antigen or virus infection, and 200 μL of serum was transferred to each recipient mouse by i.p. administration 2 h before infection with either 50 pfu PR8 virus or 3,700 pfu A/Georgia/81 virus. Lung titers were assessed by plaque assay 2 d postinfection.
